The cerebellum and the hippocampus are key structures for the acquisition of conditioned eyeblink responses. Whereas the cerebellum seems to be crucial for all types of eyeblink conditioning, the hippocampus appears to be involved only in complex types of learning. We conducted a differential conditioning study to explore the suitability of the design for magnetencephalography (MEG). In addition, we compared cerebellar and hippocampal activation during differential delay and trace conditioning. Comparable conditioning effects were seen in both conditions, but a greater resistance to extinction for trace conditioning. Brain activation differed between paradigms: delay conditioning provoked activation only in the cerebellum and trace conditioning only in the hippocampus. The results reflect differential brain activation patterns during the two types of eyeblink conditioning.
INTRODUCTION
Classical conditioning of eyeblink responses is one of the most frequently investigated paradigms.
The experimental design consists of a tone or light as the conditioned stimulus (CS) and a corneal airpuff as the unconditioned stimulus (US). Since the occurrence of the conditioned response (CR) is very stable over time, the paradigm seems to be suitable for the investigation of magnetencephalography (MEG) correlates of human learning, where, due to an adverse signal to noise ratio, many trials are required to average an evoked response.
Animal studies of eyeblink conditioning have been quite consistent in demonstrating the importance of the cerebellum and the hippocampus for the acquisition and initiation of the CR (see Thompson & Krupa, 1994; Woodruff-Pak & Steinmetz, 2000 for an overview). Similar findings have been obtained for humans. In studies on patients with cerebeilar lesions, it was shown that they are not able to generate conditioned eyeblink responses (Gerwig et al., 2003; Bracha et al., 1997; Daum et al., 1993) . Brain imaging studies (C) 2003 Freund & Pettman, U.K. also point to the role the cerebellum plays in human eyeblink conditioning. Cerebellar activation has been found with both, position emission tomography (PET, Logan & Grafton, 1995; Blaxton et al, 1996; Schreurs et al., 1997) and functional magnetic resonance imaging (fMRI, Ramnani et al., 2000) . PET studies, however, have a number of methodological disadvantages making the generalization of the results difficult. The conditioning trials have to be presented in a block design, and because of the poor temporal resolution, no conclusion can be drawn about the time course of the cerebellar activation during learning. Even in fMRI studies with a better temporal resolution, in which event-related designs allow a single trial presentation, a temporal differentiation of the activation is hardly possible. Therefore, a method like the whole-head MEG, which provides both an excellent temporal and a sufficient spatial resolution, might allow additional insight into the neural basis of human eyeblink conditioning.
In contrast to the cerebellum, the role of the hippocampus in eyeblink conditioning is less clear. Although some studies found hippocampus unit responses in CA1 as well as in CA3 neurons (Berger & Thompson, 1978; Berger et al., 1983) during delay conditioning, most researchers agree that delay conditioning is hippocampus independent (Steinmetz, 2000; Thompson & Krupa, 1994) . In contrast, for trace conditioning, and intact hippocampus is essential. Weiss et al. (1999) , as well as many others, found an impairment of conditioned responses in rats after a hippocampal lesion for the trace conditioning paradigm but no effect of the lesion of delay conditioning performance. Furthermore, Gould et al. (1999) found an increase of the number of hippocampal neurons in adult rats after trace conditioning, indicating neural plasticity. For those rats that were presented to a delay conditioning paradigm, no changes in hippocampal neuron density could be observed. Thompson (1991) proposes that for simple types of conditioning, hippocampal processing is not necessary, whereas it is essential for complex learning involving declarative memory functions. This interpretation is in good accordance with results from Carrillo et al. (2001) found unaffected discrimination of two tones but impaired reversal learning during a differential conditioning paradigm in patients with a medial temporal lobe lesion. Consistent with Thompson (1991) , they argue that the hippocampus is necessary for complex types of learning but not for simple delayed discrimination learning.
In the present MEG study, we applied a differential eyeblink conditioning paradigm. The subjects received two types of CS. The CS+ was paired with the US during the acquisition but not during the extinction, whereas the CS-was not paired. The degree of learning was quantified as the difference in CR rates between the CS+ and the CS-condition. We focused on the intensity as well as on the time course of the cerebellar and hippocampal activation using both a trace and a delay conditioning paradigm.
As evoked neural activity from the cerebellum and the hippocampus has been demonstrated before via MEG (Tesche & Karhu, 1997; Tesche et al., 1996; Tesche, 1997) , we expected to find more activation toward the CS+ than the CS-in the cerebellum for both experimental paradigms.
In Figure displays the position of the sources used in the present study. The same source configuration was used for each subject adjusted only with respect to the individual head size and shape. The resulting signals from our four sources of interest (cerebellum and hippocampus, left and right) were analyzed with respect to the maximal peak-to-peak amplitude in the time window 0 to 750 ms after CS onset. Because the stimulus presentation side was counterbalanced between subjects, the resulting activation from the two sources per region was averaged, resulting in one activation value per region. Latencies were defined as time between CS onset and the peak of the maximal amplitude. The differences between groups were statistically confirmed using a threeway mixed model ANOVA with the within subject factors 'CS-type' (CS+ vs. CS-) and 'region' (cerebellum vs. hippocampus) and the between subject factor 'paradigm' (delay vs. trace). Analyses of amplitudes and latencies were conducted for acquisition and extinction separately. (Fig. 4) . (Fig. 2) , could be a result of the unusual short ITI used in the present study. There is some evidence that in animal studies an ITI from at least 10 s is necessary to establish stable conditioning (Nordholm, et al., 1991) . However, successful eyeblink conditioning was demonstrated with shorter ITIs in humans. Carrillo et al. (1997) reported no difference in the conditioned response rate between ITIs of 5, 10, or 30 seconds. Furthermore, our conditioned response rates observed for the last 50 trials during acquisition, as displayed in Fig. 3 , are comparable to those of other studies with normal participants. Therefore, we conclude that we were able to initiate differential eyeblink conditioning in the present study.
In contrast to the acquisition, delay and trace conditioning differed in terms of resistance to extinction. While the differentiation between CS+ and CS-completely disappeared in the delay group, there were slightly more CRs to the CS+ than the CS-in the trace group. This effect cannot be attributed to a sensitization to CS-during delay conditioning, since the number of CRs to CS-did not increase and the number of CRs to CS+ decreased. Even when we take into account that the absolute number of CRs to CS+ during trace conditioning was rather small, our results confirm that the CS-US association learned in this condition was more stable than during delay conditioning. This result might be due to hippocampal processing, possibly related to awareness of the CS-US association (Clark, & Squire, 1998; Manns et al,, 2000) , leading to a longer lasting memory for this association. This hippocampal involvement during trace conditioning was confirmed by analysis of the magnetic field activity. Only for trace conditioning more activation to the CS+ than the CS-was found in the hippocampus. This result is in good accordance with our hypothesis. Also in line with our hypothesis was the stronger cerebellar activation to the CS+ than the CS-in the delay conditioning group.
In contrast to our expectations was the lack of differentiation between CS+ and CS-for cerebellar activation during trace conditioning. All current models of eyeblink conditioning emphasize the central role of the cerebellum for this phenomenon. However, it could be argued that some cerebellar functions were taken over by the hippocampus during trace conditioning. Kishimoto and colleagues (2001) The analysis of the latency of the source activation did not reveal any differences between the experimental conditions. Neither the CS type nor the paradigm influenced the onset of activation.
However, we found a significant main effect of structure with an earlier activation of cerebellar than hippocampal sources for all conditions and for acquisition as well as extinction. These findings make a lot of sense for delay conditioning, as it could be argued that the cerebellum can independently controls the conditioned response. Hippocampal activation could reflect attentional processing of the stimuli without a crucial influence on the CR. In contrast, during trace conditioning, hippocampal processing should influence the CR initiation through the cerebellum. Therefore, cerebellar activation should follow the hippocampal activation rather than precede it. However, since we found no specific cerebellar activation during trace conditioning, it might reflect more learningindependent processes or, as mentioned before, activation from other regions.
A method with a better spatial resolution like fMRI could help to find differences as well as congruencies in cerebellar activation between delay and trace conditioning. Furthermore, it would be very interesting to use spatial information revealed by fMRI to improve the source configuration for MEG. As mentioned before, it could also be useful to apply different cerebellar sources for delay and trace conditioning. Thus, the combination of fMRI and MEG methodology promises a deeper understanding of temporal and spatial differences in brain activation during human trace and delay eyeblink conditioning.
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